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Abstract 
A semi-distributed hydrologic model using kinematic wave approximation 
equations has been applied on several Norwegian catchments in order to simulate 
the groundwater level, soil moisture conditions and runoff at events of landslides. 
The use of kinematic wave theory is particularly relevant when studying 
catchments in hill- and mountain-slope areas where water infiltration into the soil 
is limited by an impermeable bed rock generating a down slope groundwater 
movement. 
Implementation of elevation bands has improved the calibration process 
considerable for N-S values achieving results ranging from 0.69 to 0.88 for 11 of 
12 catchments. Another test using the Hamon’s equation for estimating potential 
evapotranspiration did not yield any improvement to the calibration process 
compared to using a simply temperature factor. Validation of four catchments 
proved the model to be robust, achieving equally good N-S as that of the 
calibration process. 
49 cases of landslides have been selected from the Norwegian database of 
landslides, www.skrednett.no. The study is constrained to consider only landslides 
of the debris flow type and the debris avalanche type within the years 2000 to 
2008. By the use of geographical information system (GIS) occurrences close to 
one of the catchments under study have been selected. The event of landslide(s) 
might not have occurred within the watershed boundary itself, however it is 
assumed that the physical properties controlling the water balance are the same for 
locations in relative proximity to the catchment under study. Results show that 
overall 71 % of the landslide events are indicated by extreme hydrological 
conditions, and when disregarding landslide events during winter season, the 
number is impressive 89 % of the events.  
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Foreword 
Debris avalanches in Norway causes every year damage to infrastructure 
and housing and in rare cases even human lives are lost. Awareness from the 
Norwegian authorities to landslide occurrences in general has increased in recent 
years, which in 2009 led to the initiation of a regional scale debris avalanche 
warning service covering all of mainland Norway. This warning service was 
handed to the Norwegian Water Resources and Energy Directorate (NVE), who 
already had the responsibility of warning flood situations at a regional scale. The 
NVE now undertakes several research projects related to debris avalanche 
processes to gain more knowledge about what triggers an event.  
I would like to thank my supervisors Chong-Yu Xu and Stein Beldring for 
providing a very interesting subject for me to investigate. Supervision has been 
possible whenever needed, which have added considerable to the progress of my 
work. Also warm thanks to my family for being overbearing with me through 
these last intensive weeks. The master study has been carried out in collaboration 
with the NVE. The master thesis is the final work counting 60 ECTS points of the 
two year master study in Hydrology at the Department of Geosciences, Faculty of 
Mathematics and Natural Sciences at the University of Oslo. 
  
iii 
Table of contents 
Abstract .................................................................................................................... i 
Foreword ................................................................................................................. ii 
1  Introduction ....................................................................................................... 1 
2  Study area and data .......................................................................................... 3 
2.1  Area of study ................................................................................................ 3 
2.2  Model input data ........................................................................................ 10 
2.3  Landslide records ....................................................................................... 12 
3  Methodology .................................................................................................... 14 
3.1  Model selection .......................................................................................... 14 
3.2  The KiWa model ........................................................................................ 15 
3.2.1  General model structure ...................................................................... 16 
3.2.2  The interception storage module ......................................................... 16 
3.2.3  The snow routine ................................................................................. 17 
3.2.4  The evapotranspiration routine ........................................................... 17 
3.2.5  Overland flow and groundwater flow ................................................. 20 
3.2.6  Modifications ...................................................................................... 22 
3.3  Model calibration and evaluation methods ................................................ 24 
3.3.1  Parameter types and values ................................................................. 24 
3.3.2  The calibration .................................................................................... 27 
3.3.3  The validation ..................................................................................... 28 
3.4  Landslide theory ......................................................................................... 29 
3.4.1  Nomenclature of mass movement ....................................................... 29 
3.4.2  Triggering factors in till soils .............................................................. 30 
3.4.3  Qualitative levels of landslide indicators ............................................ 32 
4  Results .............................................................................................................. 33 
4.1  KiWa model results .................................................................................... 33 
4.1.1  Overview of results ............................................................................. 33 
4.1.2  Validation of parameter sets ............................................................... 35 
4.1.3  Details of simulation results ................................................................ 36 
4.2  Hydrological indicators for landslides ....................................................... 44 
4.2.1  Examples of level one indications ...................................................... 47 
4.2.2  Examples of level two indications ...................................................... 48 
4.2.3  Examples of level three indications .................................................... 55 
  
iv 
5  Discussion ......................................................................................................... 57 
6  Conclusions ...................................................................................................... 60 
7  References ........................................................................................................ 61 
Appendix A – figures of seasonality ................................................................... 65 
Appendix B – tables of seasonality ..................................................................... 69 
Appendix C – groundwater level ........................................................................ 70 
Appendix D – catchment maps ........................................................................... 71 
Appendix E – model parameter sets .................................................................. 77 
Appendix F – simulated and observed hydrographs ........................................ 78 
Appendix G – tables of landslide events ............................................................ 84 
Appendix H – figures of conditions at events .................................................... 87 
 
 
  
1 
1 Introduction 
The most important single factor triggering landslides is generally accepted 
to be groundwater (Waltham, 2002, p. 66). In most cases no observed data 
concerning the groundwater conditions at the slide site is available. However, 
local discharge and meteorological records may help to clarify the possibilities for 
individual slide events (Voight and Pariseau, 1978, p. 15). Studying the 
hydrological conditions by using meteorological input data to simulate the water 
balance elements might indicate unique hydrological conditions at the event of a 
landslide. The right basis for such a study would be to use a hydrological model 
containing a detailed and physically sound description of the saturated and 
unsaturated soil water properties, including a good description of the groundwater 
movement. Also the model should be applied to a catchment in relative vicinity of 
a recorded landslide event. In light of the latest report from the Intergovernmental 
Panel on Climate Change (IPCC, 2007) concluding from climate scenarios that 
the global mean temperature will continue to increase, one must expect more 
precipitation in Norway and more intense rainfall events. In thread with the above 
mentioned link between rainfall, groundwater level and landslide events one can 
expect as a consequence that more landslide events will occur in Norway. 
Choice of model 
The range of models considered applicable in the Nordic region include 
models such as the HBV (Bergström, 1995; Sælthun, 1996), Ecomag (Motovilov 
et al., 1999), SHE (Abbott et al., 1986a, b, c), TOPMODEL (Beven et al., 1995) 
and WASMOD (Xu, 2002). The KiWa model (Beldring et al., 2000) also falls 
into this category and is chosen for this study because it holds a groundwater 
module that simulates the groundwater movement in a physically sound way 
while remaining easy to operate. It uses kinematic wave approximation theory to 
simulate the groundwater movement which gives a good description of the 
groundwater movement in shallow soil layers of till overlying an impermeable 
bed rock surface situated in step hillslope catchments. The approach enables a two 
dimensional spatial description of the groundwater table following the hillslope 
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from the top to the bottom. The groundwater level in the lateral direction of the 
hillslope is assumed to be without variance. 
Other approaches 
A literature search was not able to track down any previous studies using the 
same approach as this study - to investigate hydrological conditions by model 
simulations useful as indicators for landslide events. This suggests that this study 
is the first of its kind. However there have been numerous studies using other 
indicator variables, mainly precipitation, to indicate landslide events. An example 
is Jaedicke and Kleven (2008) who suggested that the large number of landslides 
in the southeast region of Norway in the autumn 2000 were related to one 
prolonged period of precipitation. Another similar study by Sandersen et al. 
(1996) found that debris flows have a closer relation to weather impact than 
rockfalls and rockslides, and that water supply to the soil from rainfall and 
snowmelt are the main sources of debris flow triggering. In fact, a general 
conception can be found in the literature that rainfall precedes the typical debris 
avalanche event which was already stated by Sharpe in 1938, p. 61. Other types of 
studies evaluate the risk of landslides to occur by simulating steady states of 
rainfall into a modeling system. Montgomery and Dietricht (1994) describe a 
physically based hydrological model (TOPOG) which divides the slope into 
elements and relates the topography with the amount of water in the soil generated 
by the steady state rainfall input. Then, for various rainfall states, the model 
divides each element of the slope into one of four classes of stability. 
Objectives for this master thesis 
 Evaluate the applicability of the KiWa model for several catchments in 
Norway in a modified version using discrete elevation zones. 
 Evaluate if there is a connection between recorded landslides and 
hydrological conditions such as increased groundwater level simulated by 
the KiWa model. 
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2 Area of study and data 
2.1 Area of study 
Climate 
The area under investigation is located in the southern part of Norway, see 
Figure 1. The region is located from latitude 60 °N to 62 °N, which corresponds to 
other world locations such as Siberia and Alaska. Prevailing westerly winds carry 
relatively warm and moist air from the Atlantic to the Scandinavian Peninsula. In 
addition, the Gulf Stream acts as a heat pump, which continuously provide heat 
energy from the tropics around the Caribbean Sea to the northern Atlantic. All 
together this influences the air temperature positively constituting a mild climate 
for Norway compared to for example Siberia and Alaska. In addition the west 
coast of southern Norway receives much precipitation due to the dominating 
moist winds arriving from the Atlantic (Wallén, 1968). 
 
Figure 1. Study area, southern Norway. Catchments studied: (1) Grimsvatn, (2) Målset, (3) 
Sogndalsvatn, (4) Krokenelv, (5) Grosettjern, (6) Austbygdåi, (7) Jora, (8) Sælatunga, (9) 
Fokstua, (10) Langtjernbekk, (11) Rudi and (12) Sæternbekken. 
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Figure 2. Normal annual precipitation (above) and normal annual temperature (below) from 
1971 to 2000 for the southern part of Norway. Map theme provided by the Norwegian Water 
Resources and Energy Directorate (2011a) with supported data from the Norwegian 
Meteorological Institute. 
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Due to the high latitude location, the length of the day including twilight 
and dawn is not less than 22 hr at the summer solstice. The long daytime during 
summer is very important for the vegetation during the growing season (Wallén, 
1968). 
In Figure 2, maps of the spatial distribution of the normal annual 
precipitation (upper figure) and normal annual temperature (lower figure) for the 
years 1970-2000 is shown for southern Norway. The spatial variance in normal 
annual precipitation for the study region shows a gradient drop from west to east 
from values above 4000 mm/yr to below 500 mm/yr. The explanation for this is 
the domination of moist air generated over the Atlantic Ocean west of Norway 
which is carried by western wind low-pressures. Due to the orographic effect most 
of the potential rainfall in the moist air is released in the western part of the 
region. The mountain areas creates a precipitation shadow on the lee side of the 
dominating wind direction which means the eastern part of the region receives 
much less precipitation. Wallén (1968, p. 58) states that variations in topography 
induces large local variations in precipitation. Even in the western part valleys on 
the lee side of a mountain peak can receive less than 400 mm annually while a 
neighbouring district may receive 1800-2000 mm. Further he states that the driest 
parts of Norway lies east of the Jotunheimen mountain region receiving only 300-
400 mm per year. 
In the lower map of Figure 2, the spatial distribution of normal annual 
temperatures for southern Norway show minimum temperatures below -6 °C in 
the central mountain plateau, and maximum temperatures at 6-8 °C along the 
shore line. The variation follows the landscape topography caused by the 
temperature lapse rate decrease with elevation. The elevation of the mountain 
plateau is located about 1000 m.a.s.l. with highest mountain peak at 2469 m.a.s.l. 
(Galdhøpiggen). Half of the country of Norway lies above 500 m.a.s.l. and almost 
a quarter above 1000 m.a.s.l. (Rudberg, S., 1968, p. 41). 
In Figure 3, the spatial distribution of the normal annual runoff for southern 
Norway is shown. The runoff values are highest to the west, reaching above 3000 
mm pr. year, and decreases towards east with annual runoff below 200 mm. The 
pattern follows that of the normal annual precipitation shown in Figure 2. 
 
  
6 
 
Figure 3. Normal annual runoff from 1961 to 1990 for the southern part of Norway. Map 
theme provided by the Norwegian Water Resources and Energy Directorate (2011a). 
 
Physiography 
The landscape of southern Norway is largely characterised by mountains 
with steep slopes covered by a thin soil layer of glacial till. The hard crystalline 
bedrock is mostly considered to be impermeable. The vegetation cover is 
dominated by coniferous forest, however in the most elevated areas only sparse or 
no vegetation is found. In Figure 4 the variance of the soil layer depth of the study 
area is shown. A general trend is seen that the soil layer is shallower towards the 
west than the east. Also it should be noticed the many smaller areas around 
Sogndal (ca. 150 km NE of Bergen), which are classified as avalanche material. 
This area constitutes the catchments of Målset and Sogndalsvatn used for the 
landslide study. The other landslide region constituting the Austbygdåy, 
Grosttjern and Langtjernbekk (ca. 150 km W and 100 km NW of Oslo) is 
dominated more by a general thin cover of till (www.ngu.no). 
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Figure 4. Soil cover map of the landslide study region, from the Geological Survey of Norway 
(2011). Pink = little or no soil cover; green = till cover; red = avalanche material; purple = 
rock blocks, brown = mires. 
 
Hydrological regimes 
In Gottschalk et al. (1979) a classification of different hydrological regimes in 
Norway, Sweden, Finland and Denmark is given. The paper states that, p. 274: 
‘Hydrological regionalization should be mainly based on 
physiographic regionalization. Physiographic conditions are essential 
for formation of water balance elements, ...’ 
The regionalisation is based on Tollan’s (1975) classification. It only uses 
mean monthly runoff showing the seasonality of the catchment. Certain criteria 
are put up which are shown below (from Gottschalk et al., 1979): 
High water 
H1: Dominant snowmelt high water. An area is classified as H1 if the three 
months with highest average runoff belong to spring or early summer (typically 
May-July). 
H2: Transition to secondary rain high water. An area is classified as H2 
when the second highest or third highest monthly runoff takes place in autumn 
(typically: October, November, on the Scandinavian peninsula - early in the west 
and late in the east and vice versa in Finland). 
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H3: Dominant rain highwater. An area is classified as H3 when the highest 
monthly runoff takes place in autumn or early winter (typically November-
December). 
Low water 
L1: Dominant low water flow in winter, caused by snow accumulation. An 
area is classified as L1 when two months with the lowest runoff both belong to 
winter or early spring (typically: February-March). 
L2: Transisiton zone, when the two months with the lowest runoff do not 
belong to the same time of the year (typically: February and July). 
L3: Dominant summer low water caused by high evapotranspiration and/or 
low precipitation when the two months with the lowest runoff belong to summer 
or early  autumn (typically: June-August). 
Combinations of these are used to create hydrological regimes, e.g. H1L1, 
describes the regime found in inner and north-eastern parts of Norway, Sweden 
and Finland and in extreme cases include glacial regimes as well (Gottschalk et al. 
1979). 
This classification system is used in Table 2. In the right most column the 
regime type is given, which shows that all catchments are classified as the 
hydrologic regime type H1L1. This regime type is characteristic of a dominant 
snowmelt high water during spring and early summer and a dominant low water 
flow in the winter. This regime type was characteristic for the inner and north-east 
parts of Norway and is labelled as a mountain regime in Gottschalk et al. (1979, p. 
282). 
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Table 1. Main characteristics of the catchments. The data has been provided by the 
Norwegian Water Resources and Energy Directorate (NVE). The data regarding area, land 
use and terrain gradient of the catchments have been calculated using geographic 
information systems (GIS) by the NVE. 
Catchments Annual runoff [mm] 
Area 
(km2) 
Elevation 
[m] 
Most important land use types 
(%) 
Terrain gradient 
[%] 
 Q  Min-max AT Fo La Mi Gl  
Grimsvatn 2959 34.4 563-1537 87 6 3 1 0 39 
Målset 2663 7.7 870-1365 89 0 9 2 0 23 
Sogndalsvatn 2162 110.0 395-1601 59 20 4 1 6 49 
Krokenelv 1772 46.2 17-1462 78 17 1 0 0 38 
Jora 822 271.0 791-2070 79 12 4 1 1 25 
Austbygdåi 728 346.0 201-1484 56 32 4 4 0 18 
Sælatunga 686 455.0 423-1880 84 9 2 1 0 20 
Fokstua 660 27.2 990-1708 99 1 0 0 0 22 
Langtjernbekk 599 4.8 518-758 0 87 7 6 0 16 
Grosettjern 573 6.5 939-1058 2 67 7 20 0 18 
Rudi 525 371.0 246-1661 43 40 2 7 0 17 
Sæternbekken 522 6.3 107-420 0 93 0 3 0 9 
AT = above tree line; Fo = forest; La = lake; Mi = mire; Gl = glacier. 
 
Table 2. Mean monthly runoff (mm), annual runoff (mm) and type of hydrologic regime. 
The runoff data has been provided by the Norwegian Water Resources and Energy 
Directorate (NVE). 
Q [mm] Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Sum Regime 
Grimsvatn 111 168 74 269 546 477 241 233 241 209 217 173 2959 H1L1 
Målset 23 34 21 91 455 648 373 305 287 204 134 87 2663 H1L1 
Sogndalsv. 43 29 22 91 291 417 370 254 259 157 137 94 2162 H1L1 
Krokenelv 27 29 32 54 272 466 254 147 229 186 45 31 1772 H1L1 
Jora 4 3 2 11 188 207 131 105 83 58 20 10 822 H1L1 
Austbygdåi 13 7 6 36 197 139 86 47 50 73 48 26 728 H1L1 
Sælatunga 10 7 6 13 97 230 148 71 41 32 19 12 686 H1L1 
Fokstua 14 10 7 9 60 181 113 86 85 49 29 17 660 H1L1 
Langtjernb. 15 11 13 118 140 35 61 56 27 54 47 23 599 H1L1 
Grosettjern 17 14 10 54 199 58 44 54 27 44 36 17 573 H1L1 
Rudi 8 7 7 30 164 101 44 70 29 29 21 15 525 H1L1 
Grey cells indicate the two months with least runoff, while blue cells indicate the three months with most 
runoff. The calculations are based on daily data for the calibration periods. 
 
Further distinction between catchment types is possible, such as dividing the 
wet coastal catchments from the dry inland parts, as it does seem surprising that 
all catchments are described by only one regime type. This is also concluded in 
Gottschalk et al. (1979), that further distinguishing is possible and this definition 
should not be seen as final. However it should also be noted that the regime theory 
takes a much larger area into consideration than what is studied here. It can 
therefore be acceptable to regard the regime type classification in Table 2 as a 
general description of the catchments studied in a Nordic1 perspective. 
                                                 
1  Gottschalk  et  al.  1979  studied  only  the Nordic  countries  of  Denmark,  Finland, Norway  and 
Sweden excluding Iceland and associated territories of Denmark, Norway and Sweden.  
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2.2 Model input data 
For testing the model applicability 12 catchments in the region are included. 
The catchments have been selected after making three considerations to obtain the 
best possible study. (1) Choosing catchments of minimum areal distribution, as 
the KiWa model has been developed for small scale catchments (Beldring, 2000). 
(2)  The quality and amount of available input data. (3) The location of the 
catchment in relation to interesting landslide areas. Regarding the first, the 
selection of catchments was broadened to include medium scale catchments as 
well as small scale catchments, due to too few available catchments in the region 
either due to poor quality of observed discharge or of the meteorological data.  
Daily records of observed precipitation, temperature and discharge have 
been used for 11 of the 12 catchments. For Sæternbekken catchment hourly input 
data of the same variables have been used. The meteorological data is input data 
to the model while the observed discharge has been used to calibrate the model 
output. For one of the catchments, Langtjernbekk, interpolated input data from the 
closest meteorological stations have been used, so called grid data, which have 
been provided by the NVE. 
The model can perform simulations with any temporal resolution. In this 
study hourly and daily time steps have been used. Records of observed 
precipitation and temperature have been used as input data. Additionally the 
model gives the opportunity to include observed air vapour deficit and observed 
short wave radiation if the data is available. These input data have however not 
been readily available for this study. To calibrate the model, observed discharge is 
used. In addition the model can also use observed groundwater levels, but this has 
not been included here. 
Observed temperature and precipitation data have been selected from the 
database of The Norwegian Meteorological Institute, www.eklima.met.no. 
Observed runoff has been collected from the database belonging to the NVE. 
Regarding the precipitation data, observations are made once daily, at 6 am CET. 
Observed air temperature has been measured 2 m above the ground and calculated 
from maximum and minimum temperatures registered twice a day, at 6 am CET 
and 6 pm CET. 
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When choosing the meteorological station for input data, a simple analysis 
of distance from the centre point of the catchment was used. The nearest 
meteorological station was then selected, however if the data quality was not 
satisfying or the time period did not match the time period of observed discharge, 
data from the second closest meteorological station was used. Observed 
temperature and observed precipitation data were in some cases selected from 
separate stations. The input data has not been interpolated in this study. 
Information on the elevation for each meteorological station was used as input to 
create lapse rate calculations for temperature and precipitation for each individual 
elevation band. For one catchment (Langtjernbekk) gridded meteorological input 
data has been used calculated by interpolation methods using nearby 
meteorological stations. The gridded data was supported by the NVE, who makes 
daily interpolations of this kind for all catchments in Norway. Exactly how this 
data was calculated is beyond the scope of the study. 
The data quality check has been performed by the modeller. The input data 
have been checked for gaps to select periods of continuous observations. For 
Grosettjern two days of temperature data were missing and filled in by 
interpolation of the recorded temperatures the day before and the day after. The 
dates are Dec 12th 2005 and Dec 14th 2005. Values used are -2.6 °C and -3.7 °C 
respectively. For Målset a gap in temperature data from July 14th to 25th was filled 
in with the mean temperature calculated over five days before and five days after 
the time period, and 16.4 °C was thus used for all the days. When judging the 
temperature variation for the summer period it looked very stable, and luckily the 
temperature of that time of the year does not have any impact on snow melt or 
snow accumulation, so the uncertainty occurring was a potential misleading 
evapotranspiration simulation. For Austbygdåi, two temperature stations were 
used, Dagali II, from Jan 1st 2000 until Dec 31st 2005, and Dagali Lufthavn, from 
Jan 1st 2006 until Aug 31st 2007. The two stations are located close to each other 
and only differs 30m in elevation, so it was considered to be fine to use them for 
the temperature input. For all the other catchments no changes in input data was 
needed.  
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Table 3. Physical properties of the catchments and meteorological stations. Precipitation (P) 
and temperature (T) have been provided from the Norwegian Meteorological Institute’s 
database at www.eklima.no. The discharge data (Q) is provided by the Norwegian Water 
Resources and Energy Directorate (NVE). The distances have been calculated using the 
geographic reference of each location. 
Catchment  Calibration period 
Distance to catchment 
centre point (km) 
Input data, annual mean 
or sum [mm or °C] 
Elevation points, for 
catchment min.-max. [m] 
  Pstat Tstat P T Q Pstat Tstat Catchment 
Grimsvatn 1998-04 1.4 35.4 1509 7.2 2959 5 5 563-1537 
Målset 1999-03 10.1 10.1 2970 6.2 2663 120 120 870-1365 
Sogndalsv. 2000-07 2.0 12.2 1500 7.4 2162 421 49 395-1601 
Krokenelv 1986-90 17.4 19.4 767 5.1 1772 28 27 17-1462 
Jora 1981-85 19.2 19.2 442 0.3 822 973 973 791-2070 
Austbygdåi 2000-07 1.4 35.0 837 1.2 728 762 813 201-1484 
Sælatunga 1981-85 20.1 20.1 414 2.5 686 626 626 423-1880 
Fokstua 2005-09 9.4 9.4 438 1.1 660 973 973 990-1708 
Langtjernb 2001-08 Grid data Grid data 1100 3.1 599 586 586 518-758 
Grosettjern 2001-05 7.6 7.6 752 1.8 573 977 977 939-1058 
Rudi 1988-92 13.2 13.2 589 1.4 525 940 940 246-1661 
 
2.3 Landslide records 
From the Norwegian avalanche database 49 landslide events have been 
selected for use in the study. The database includes all types of rockfalls, 
landslides and snow avalanches, but in this study only debris avalanches - 
including earth slides - and debris flows are studied. The responsible for the 
database today and the maintenance of the database is the Norwegian Water 
Resources and Energy Directorate (NVE), while the Geological Survey of 
Norway (NGU) and the Norwegian Mapping Authority (SK) strongly contributed 
in the development. A complete list of all contributors to the database is found in 
the reference list (Norwegian Water Resources and Energy Directorate, 2011b). 
When selecting the landslide events a restriction was made to include only 
cases situated within a distance of 25 km from the centre point of one of the 
studied catchment. The restriction ensures that important factors and variables 
such as climate, topography and soil type conditions are representative for both 
the catchment and the location of the landslide event. The distance of 25 km 
resulted in a satisfying number of landslide events. However it would be 
interesting to study further on the scale issue of hydrological conditions indicating 
landslide events, as this would be closely related to the new warning service 
provided by the NVE which forecasts on a regional scale. However it is out of the 
scope of this study to investigate the scale issue. 
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The selection of landslide events has been restricted to two regions of the 
area under study due to lack of recorded landslide events during the time period of 
catchment runoff simulation. In Figure 5 the landslide events are mapped together 
with the nearby catchments. 
 
 
Figure 5: The selected cases of landslides. The events can be grouped into two main regions. 
A north-west landslide region including the catchments of Krokenelv (5), Sogndalsvatn (6) 
and Målset (7), and a south-east landslide region including the catchments of Langtjernbekk 
(8), Austbygdåi (9) and Grosettjern (10). 
  
14 
3 Methodology 
In this chapter the following themes will be presented. 1) Introducing the 
structure of the KiWa model, explaining the individual modules and showing the 
equations used in the model. 2) Presenting the methods used to evaluate the model 
performance. 3)  Defining types of landslides and briefly explaining the triggering 
mechanisms related to the studied landslide types. 
3.1 Model selection 
In Norway the soil and groundwater properties are governed by the 
physiography and climate of the catchment. Important agents are the slope of the 
terrain, the thickness and type of soil, the type of vegetation and air temperature 
governing the snow storage and snowmelt. The model should preferably hold a 
physically sound description of these features. The range of models considered 
applicable in the Nordic Region include models such as the HBV, Ecomag, SHE, 
TOPMODEL and WASMOD in addition to the KiWa model. The HBV model 
(Hydrologiske Byråns avdeling for Vattenbalans model) developed by the 
Swedish Meteorological and Hydrological Institute (SMHI) in the 1970’s, 
(Bergström, 1995) is widely used e.g. by national flood forecasting services in 
Sweden and Norway. The model was originally developed as a lumped conceptual 
model, but is today found in several versions including a semi-distributed 
elevation band version (Sælthun, 1996, p. 4). The description of the unsaturated 
and saturated soil conditions are done by dividing the soil into an upper and a 
lower soil zone, where the lower zone is a linear reservoir describing the 
groundwater response. In other words the soil is treated as a column or box 
describing the groundwater in a one dimensional way, without considering the 
steepness of the hillslope or the spatial distribution of the groundwater table down 
the hillslope. 
A similar ‘soil box’ module treating the simulated groundwater table is used 
in the lumped WASMOD model. The models Ecomag, SHE and TOPMODEL are 
all fully distributed physically based models, with linkages between each grid cell 
also for groundwater runoff. So even though the soil is treated as a column for 
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each individual cell, like for the HBV and WASMOD, the groundwater does 
move downslope from one cell to the next. However, these models needs 
parameters estimated for each grid cell, which is quite demanding for the modeller 
to measure or estimate, particularly if one does not have any experience in 
running the model. The KiWa model is relatively easy to operate and does still 
consider the groundwater movement in more detail than any of the lumped or 
semi-distributed models dealt with in this review. The KiWa uses kinematic wave 
theory, which gives a physically sound basis for studying catchments dominated 
by steep slopes with a shallow soil layer covering impermeable bedrock. The 
model has performed well under these conditions for small headwater catchments 
in Norway vegetated by coniferous forest (Beldring et al., 2000). The model’s 
ability to describe the interactions between precipitation, snow storage, 
groundwater, soil moisture and runoff in a realistic manner makes it well suited 
for impact studies, such as the impacts of hydrological processes on debris 
avalanches and debris flows. It is therefore selected for this study. 
3.2 The KiWa model 
The hydrological model KiWa is based on the model version described in 
Beldring et al. (2000). The model approaches a physically based description of the 
catchment where the most conspicuous feature of the model is its use of kinematic 
wave approximations to describe the saturated subsurface water movement. As 
input data hourly or daily time steps can be used. Observations of runoff, 
precipitation and temperature data are used as input data. Kinematic wave theory 
was introduced by Lighthill and Whitham (1955a, b) applying it to ‘flood 
movement in long rivers’ and ‘traffic flow on long, crowded roads’. The use of 
kinematic wave theory related to groundwater movement is particularly relevant 
when studying the hydrology of mountain region catchments characterized by a 
thin soil layer consisting of till on steep impermeable mountain-slopes, such as in 
Norway. A few simplifications have been made to the model for this study, first of 
all the model uses only temperature for simulating evapotranspiration and 
snowmelt, and not observed net-radiation and temperature as explained in 
Beldring et al. (2000). This is due to lack of radiation input data at most of the 
study catchments. However introducing elevation bands to the model structure has 
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increased the simulation detail of processes of the catchment by taking into 
account the lapse rate of T and the increase rate of P with elevation. The model 
version is therefore best described as semi-distributed instead of lumped as 
originally used in Beldring et al. (2000). Additionally, the Hamon equation for 
estimating potential evapotranspiration using daytime hours and temperature as 
variables (Hamon, 1961) has been tested. Further details on the equation, as well 
as the introduction of elevation bands, will be given in section 3.2.6. 
3.2.1 General model structure 
 
 
Figure 6. Overview of the model structure 
3.2.2 The interception storage module 
The interception storage Imax catch initial precipitation until the storage is 
full. It is applied to both snowfall and rainfall. The range of interception is from 
0.001 to 0.003 m. The potential evaporation from the interception storage is 
determined by the air temperature above 0 °C and a the potential evaporation 
factor Cpot 
T C  E potpot   (1) 
The calculation does not differentiate between whether the storage is 
composed of snow or rainwater. 
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3.2.3 The snow routine 
A simple temperature index method is used to separate precipitation into 
snow or rain by the threshold value Tacc. When the temperature falls below the 
threshold value snow is generated. The interception storage Imax also applies for 
the snowfall, and as long as this storage is not full, snow does not accumulate.  
 
 
Figure 7. Structure of the snow routine module. Figure made by the author. 
 
Snow melt initiates when the temperature rises above a threshold value Tmelt. 
The melting rate is calculated by a simple temperature index method determined 
by a factor Ctemp and the air temperature above Tmelt 
meltmelttemp TT  whenT-(T C  M  ),  (2) 
Melted water is retained in the snowpack until the amount of liquid water 
exceeds the relative holding capacity of the snow Rliq. Melted water in the snow 
pack can refreeze if the temperature falls below Tmelt again. The refreeze rate is 
determined by 
meltmelttempfreeze TT  whenT(T C C  F  ),  (3) 
where Cfreeze is the refreeze factor. 
3.2.4 The evapotranspiration routine 
The evapotranspiration is the sum of evaporation occurring from the 
interception storage, see 3.2.2, and the transpiration generated by the vegetation 
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withdrawing moist and water from the soil via the root system. Also events of 
saturation excess overland flow occurring from below, contributes to the 
evaporation in case the interception storage has been emptied. During dry periods 
without interception storage, soil evaporation and transpiration from vegetation 
occurs at a rate determined by the volumetric water content at the soil surface, θ0, 
and the soil moisture content within the root zone 
potact E  E   , when θ0 ≥ Cact (θsat - θwp) (4) 
wpwpsatact
wp
potact C
E  E 



)(
0 , when )(0 wpsatactC    (5) 
where Cact is actual evapotranspiration factor, θ0 is the volumetric water content at 
the soil surface, θsat is the saturation volumetric water content at the soil surface 
and θwp is the volumetric water content at the wilting point of vegetation. When 
saturation from below occurs, evaporation is consumed from the overland flow 
profile at the potential rate before water is extracted through soil evaporation and 
transpiration. 
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Figure 8. The effect of Cact on the soil moisture routine for estimating evapotranspiration. Ea 
= actual evapotranspiration; Ep = potential evapotranspiration; θ0 = volumetric water 
content at the soil surface. 
 
WP= 0.06 
Ea = Ep 
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.9
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Figure 8 illustrates equations (4) and (5). The x-axis contains the volumetric 
water content at the soil surface θ0, while the y-axis holds the ratio between actual 
and potential evapotranspiration. When this ratio becomes 1 the maximum 
evapotranspiration rate is accomplished. The accomplishment of the maximum 
evapotranspiration stadia is related to the volumetric water content at the soil 
surface by the actual evapotranspiration factor Cact. This is seen by graphs made 
for Cact = 0.5 and 0.9. When Cact = 0.5 the maximum evapotranspiration is 
assumed to be accomplished already when the soil is less than 50 % saturated at 
the soil surface, while for Cact = 0.9 the same level is not reached until the soil is 
85 % saturated at the soil surface. The figure also shows the effect of the wilting 
point parameter θwp which is set default to 0.06. The wilting point is the point 
were the root system ceases suction of water for transpiration because the little 
water remaining in the soil is hidden in tiny pockets of the soil governed by 
electromagnetic surface tension between the water and the soil (Fetter, 1988, p. 
94; Dingman, 2002, pp. 236-7). 
Soil moisture conditions in till soils are closely related to groundwater 
conditions. Between precipitation events, the soil moisture content will have a 
maximum value at a state of hydrostatic equilibrium, which is determined by soil 
characteristics and depth to the groundwater table. Owing to soil evaporation and 
extraction of water by plants a deficit relative to the equilibrium state develops in 
the root zone. Singh (1997) reviews several functional forms of soil moisture 
characteristic curves. Neglecting the tension-saturated zone, a simple expression 
for the equilibrium water content at the soil surface is 
h
sate e 
 0  (6) 
where h is the vertical depth to the groundwater table and λ is an empirical 
coefficient less than 0. The soil moisture deficit is calculated by treating the root 
zone as a lumped system that penetrates the upper layer of the soil uniformly. 
Assuming that the difference between the equilibrium water content and the actual 
water content is constant through the entire root zone, the deficit is 
redef z-V )( 00   (7) 
where zr is the depth of the root zone. 
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Soil evaporation and transpiration from vegetation is consumed from both 
the unsaturated and the saturated zones. As long as the groundwater table is within 
the root zone, water is extracted from the saturated zone only, and the soil 
moisture deficit is zero. Below the root zone, the contribution to soil evaporation 
from the saturated zone increases with decreasing depth to the groundwater table, 
whereas the fraction of water extracted from the unsaturated zone decreases 
r
zh
sat zhef r    when ,)(  (8) 
r
zh
uns zhef r    when ,1 )(  (9) 
where fsat and funs are the fractions of water consumed from the saturated and 
unsaturated zones respectively and δ is an empirical coefficient < 0. 
The precipitation-runoff model treats evaporation from interception storage 
as uniform along the hill slope, whereas a representative value of evaporation 
from the overland flow profile, soil evaporation and transpiration from plants is 
calculated by integrating the contributions from the different parts of the hill 
slope. 
3.2.5 Overland flow and groundwater flow 
With the groundwater table below the soil surface, precipitation or 
snowmelt in excess of Imax is assumed to infiltrate. The soil moisture deficit must 
be zero before water percolates to the saturated zone. When saturation from below 
occurs, all precipitation or snowmelt in excess of Imax contributes to overland 
flow. Hill slope average inflow to the kinematic wave equation is given by the 
mean of the contributions from the different parts of the hill slope. 
The vertical transport of water through the unsaturated soil matrix in till 
soils is slow, except for areas with a shallow groundwater table, it will generally 
take days or months before the percolating water molecules reach the saturated 
zone. Nevertheless, precipitation or snowmelt is followed by an almost immediate 
rise of the groundwater table owing to a rapid transfer of increased soil-water 
pressure through the unsaturated zone. In addition, macro pores in the surface 
layers resulting from root and fauna activity may allow rapid bypassing of the 
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unsaturated zone when the rate of precipitation or snowmelt is high. The model 
assumes that water input affects the groundwater table within one time-step. 
Runoff from the hill slopes is given as a sum of saturated subsurface flow 
and saturation overland flow. Based on the assumptions that moisture and runoff 
conditions at the hill slope scale are representative for conditions at the catchment 
scale and that flow changes are rapidly transported through the stream channel 
network to the outlet, the precipitation-runoff model converts hill slope runoff to 
catchment values. 
The saturated groundwater movement 
The simulation of the groundwater table is done by dividing the slope into 
several discrete points that are combined to form a characteristic curve that 
defines the location of the groundwater table at each time step, see Figure 9. The 
number of points is set default to 100 by the model, but can be changed quite 
easily in the model code. More points increases the detail of the groundwater table 
curvature, however, the computational time required for the model also increases. 
A trade off between a good description of the groundwater level curvature while 
at the same time having a reasonable fast simulation has to be considered by the 
user. A good trade of was considered to be reached with 100 points. Now for each 
point the input and output of water is calculated using the continuity equation and 
the flux equation. By combining these, the vertical incoming water infiltration and 
the incoming and outgoing saturated soil water, moving parallel to the bedrock 
surface, are found. The groundwater table is then constituted by linking the 
groundwater level for each point down the slope. 
Figure 9 demonstrates the concept of characteristic curves as explained 
above. The figure also shows the dividing of the soil into unsaturated (above each 
line) and saturation (below each line) soil zone. The ‘fully saturated’ characteristic 
curve is fully saturated from slope length 150 m down to the hollow. In this range 
of length from the top of the slope, saturation excess overland flow will occur if 
rain falls on the ground. Finally it should be noted that when the level of 
groundwater is discussed and plotted later in the thesis, the value is taken from the 
hollow topographic unit (bottom) of the slope. 
  
22 
 
Figure 9. Profile plot of the soil down the slope from the top or nose to the bottom or hollow. 
The location of the groundwater table are illustrated by characteristic curves for two 
separate days. Below each line the soil is saturated, above the soil is unsaturated. One case 
shows a fully saturated soil from the slope mid section to the hollow generating saturation 
excess overland flow. 
3.2.6 Modifications 
The use of elevation bands 
The original model version has been modified to divide the catchment into 
10 discrete elevation zones. By doing this, temperature and precipitation data are 
generated for 10 discrete elevation bands of the catchment. This is motivated by 
the fact that most of the studied catchments range over several hundred meters in 
elevation from the lowest to the highest point and that precipitation and 
temperature changes with elevation. The lapse rate of dry air is fixed at 1 °C per 
100 m, while moist air varies around 0.5 °C per 100 m due to the diffusion of heat 
as condensation occurs (Dingman 2002, p. 94). For the Earths troposphere in 
general the temperature lapse rate has an average value of -0.65 °C per 100 m 
(Dingman 2002, p. 586). In most parts of the world precipitation increases with 
elevation, however, the rate of the increase varies from region to region (Dingman 
2002, pp. 98-99). The orographic effect is the most dominating effect in Norway, 
due to the mountainous landscape. As a rule of thumb the increase of precipitation 
is around 10 % per 100 m, which has been used as the initial value when starting 
the calibration routine. The calibration makes it possible for the model to adjust to 
local catchment variations in the increase rate, which can be cause i.e. by 
differences in slope aspects to the dominating wind direction. Overall it is evident 
Top of slope (nose) Bottom of slope (hollow) 
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that introducing elevation bands is a sound physical approach when simulating the 
water balance for catchments ranging over large elevation spans and when only 
one or few meteorological stations are available for input data. 
The choice of number of elevation bands in the new module is based on the 
information about the hypsographic curve for the catchment. For most Norwegian 
catchments information about the elevation of every 10 percentile of the 
hypsographic curve is available making it easy to establish 10 elevation bands 
from the mean value of the difference between two neighbouring hypsographic 
percentiles. This gives of course not the true mean elevation for the 10 percentile 
of the catchment area, but is considered a reasonable approach to establish the 
elevation bands anyhow. 
Using the elevation of the meteorological station measuring the precipitation 
and temperature, a lapse rate equation is used to calculate theoretical values of 
precipitation and temperature for each of the 10 elevation zones. 
The theoretical precipitation values for each elevation band are calculated 
from a theoretical lapse rate increase of approximately 1.1 per 100 m. The lapse 
rate equation calculates a precipitation factor for each elevation zone which is 
multiplied to the observed precipitation 
100/)( HstationHband
gradfactor P   P
  (10) 
where Pgrad is the precipitation lapse rate per 100 m, Hband is the elevation of each 
elevation band and Hstation is the elevation of the meteorological station. 
The theoretical temperature values for each elevation band are calculated 
from a theoretical lapse rate decrease of approximately -0.60 °C per 100 m. The 
lapse rate equation calculates a temperature correction value for each elevation 
zone which is added to the observed temperature  
100
stationband
gradcorr
HH
T   T
  (11) 
where Tgrad is the temperature lapse rate per 100 m. 
The Hamon’s equation 
The motivation for selecting the Hamon’s equation (Hamon, 1961) for 
estimating the potential evapotranspiration is first of all that it has been proven 
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good for similar conditions as those of the study area in a test conducted in 
Canada by Xu and Sing (2001). In addition the equation offers the best attempt 
available to simulate incoming solar radiation without having such data, by simply 
using hourly daytime. The equation incorporates the number of daytime hours 
with the temperature in order to simulate the potential evapotranspiration, while 
the original model equation only uses a temperature factor. The Hamon’s equation 
is 
VPkD   E 2pot   (12) 
where Epot is the potential evapotranspiration, k is the Hamon’s coefficient, D is 
the daytime in hours divided by 12 hours, and VP is the vapour pressure 
depending only on the temperature T derived from 
100
0.062T4.95e   VP   (13) 
The number of daily sunshine hours varies greatly throughout the year at 
latitudes around 60 °N, which affect the number hours the vegetation canopy is 
open for transpiration. This leads to a longer daily transpiration period at summer 
solstice than later during the summer. This affect could potentially lead to higher 
evapotranspiration around summer solstice, which is not counted for when only 
using a temperature factor. 
3.3 Model calibration and evaluation methods 
3.3.1 Parameter types and values 
Sorooshian and Gupta (1995) distinguish between types of parameters 
according to the following definitions 
Physical parameters: represents physically measurable properties 
Process parameters: represents properties that are not directly 
measurable 
 
  
25 
 
Table 4. Parameters used in the KiWa model. The parameter type is indicated to show 
whether the parameter needs to be calibrated or not. The physical parameter values have 
been decided from information of the catchment or from previous testing of the model, 
described in Beldring et al. (2000, Table 1). They are indicated by either a specific value, or if 
the parameter is dependent of the catchment, with no value. Process parameters are 
indicated by value ranges used for the calibration process, which have been decided by 
literature studies or from values given in Beldring et al. (2000, Table 1). It should be noted 
that some parameter values are valid only for daily input data and should be adjusted if 
other time steps are used. Parameters 23 and 24 have not been used in this study as they 
depend on solar radiation records, and parameter 29 and 30 have only been used in the 
Hamon model version. 
Nr. Characteristic feature Type Value Unit
1 Catchment area Physical   m2
2 Slope length  Process  200 – 500  m
3 Slope angle  Physical    °
4 Soil depth  Process  0.5 ‐ 2.0  m
5 Overland flow kinematic wave friction  Process  100 ‐ 10000  m d‐1
6 Overland flow kinematic wave exponent  Process  0.99 – 5.0  1
7 Saturation volumetric water content at the soil surface  Physical  0.70  1
8 Effective porosity  Process  0.10 ‐ 0.30  1
9 Saturated hydraulic conductivity at the soil surface  Process  10 ‐ 1000  m d‐1
10 Decrease rate of parameter nine with depth  Process  ‐20 ‐ ‐3  m‐1
11 Partitioning  ET  to  the  saturated  and  unsaturated  soil  Process  ‐30 ‐ ‐0.1  m‐1
12 Relating soil moisture content to the groundwater level  Process  ‐5.0 ‐ ‐0.01  m‐1
13 Root depth  Process  0.10 ‐ 1.0  m
14 Volumetric water content at the wilting point  Physical  0.06  1
15 Maximum interception storage  Process  0.001 ‐ 0.003  m
16 Potential ET factor  Process  0.00001 ‐ 0.0004  m hPa‐1 d‐1
17 Actual ET factor  Process  0.5 ‐ 1.0  1
18 Snow accumulation temperature threshold  Process  ‐2.0 ‐ 3.0  °C
19 Snow melt temperature threshold  Process  ‐2.0 ‐ 2.0  °C
20 Snow melt rate  Process  0.001 ‐ 0.01   m °C‐1 d‐1
21 Refreeze factor for liquid water in the snowpack  Physical  0.05  1
22 Maximum relative water content in the snowpack  Physical  0.08  1
23 Snow melt rate for global short wave radiation  Physical  3.34 ∙ 108  W m2
24 Albedo  Physical  0.90  1
25 Initial sat. zone depth, orthogonal from the bed at nose  Physical  0.0  m
26 Initial sat. zone depth, orthogonal from the bed at hollow  Physical  0.2  m
27 Precipitation  lapse  rate  factor  per  100m  of  elevation  Process  1.0 ‐ 1.2  1
28 Temperature  lapse  rate  factor  per  100m  of  elevation  Process  ‐0.4 ‐ ‐0.8  1
29 Latitude  Physical    °
30 Hamon’s coefficient  Process  10‐25  1
ET = evapotranspiration. 
 
Table 5. Overview of the number of physical and process parameters for the respective 
model versions used in the study, found in Table 4. 
 Physical parameters Process parameters 
No EB 8 16 
EB 8 18 
Hamon 9 18 
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Examples of process parameters for the KiWa model are the saturated 
hydraulic conductivity of the soil and the snow melt rate. Following Sorooshian 
and Gupta’s (1995) parameter type definition, each parameter has been assigned 
either as physical or process type in Table 4. In Table 5, the overall number of 
physical and process type parameters for the three model versions used in the 
study are shown. 
Further Sorooshian and Gupta (1995) write that for model calibration, 
values should be selected so that model simulation of the study area is as close as 
possible. They argue that there are two parts to this process: parameter 
specification and parameter estimation. 
Parameter specification considers prior knowledge about the watershed 
properties and behaviour, and is used to specify initial estimates for the 
parameters. For physical parameters, estimates are made using measures obtained 
from maps in the field. The parameters are then typically fixed and not adjusted 
further unless determined to be in error. For process parameters estimates of the 
range of possible values are determined based on judgment and understanding of 
the hydrology of the watershed. 
In parameter estimation, various techniques designed to reduce the 
uncertainty in the estimates of the process parameters are used. A typical 
approach is to select an initial estimate for the parameter values inside the ranges 
previously specified. The parameters are then adjusted to more closely match the 
properties of the watershed. This can be done manually or by an automatic 
optimization method, such as the one used in PEST (see section 3.3.2). 
In 
Table 4 each parameter has been either set at a fixed value or assigned a 
range of values. These specifications follow the first step introduced by 
Sorooshian and Gupta (1995) as parameter specification. The parameters 
considered physically correct have been assigned one value, while the process 
parameters have been assigned a range of values. One example of an important 
process parameter and how it has been assigned a reasonable range of values, is 
the parameter number 8 - the effective porosity. From maps and literature we 
know that till soil is the most dominant soil type in the area of study. The porosity 
of glacial till is generally assumed to range from 10 - 20 % (Fetter, 1988, p. 68). It 
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is therefore straight forward to set the range of parameter 8 to 0.10 - 0.20. 
However when testing this parameter range it soon became apparent that the 
maximum parameter range was reached for several catchments. This can be 
explained by the fact that local variations in soil types might be present, such as 
for example mixed sand and gravel that have effective porosities from 20 to 35 % 
(Fetter, 1988, p. 68). It was therefore decided to change the parameter interval to 
0.10 - 0.30. This seems fair to the calibration process and still excludes soil types 
with porosities ranging from 30 - 60 %, such as silt, clay and the most porous well 
sorted sand or gravel. 
3.3.2 The calibration 
For optimising the simulated discharge against the observed discharge, 
automatic model-independent parameter estimation and uncertainty analysis tool 
(PEST, 2011) has been used. PEST uses a global optimisation method, which is 
suggested by Sooshian and Gupta (1995) to be the best optimisation method, 
when using several parameters in the calibration process. The so called singular 
value decomposition method (SVD) used by PEST, initiates an iterative process to 
find the optimized parameter set. The iterative process has been restricted to lower 
the bias volume as much as possible, which for all studied catchment have 
resulted in a bias volume of 0.0. A possible drawback of this is that the Nash-
Sutcliffe model efficiency coefficient (see page 28) in some cases could have been 
marginally increased on behalf of a small misfit in bias volume. This was in a few 
cases observed by the modeller, when controlling the calibration process. 
The quantity of data required from a statistical point of view is by a rule of 
thumb at least the length of 20 times the number of parameters used in the 
calibration process. As the KiWa model has got 18 process parameters, the data 
should contain 18·20 = 360 observations (Sooshian and Gupta, 1995, p. 49). As 
the catchments with daily input data contain at least 4 years of data, and the 
Sæternbekken catchment, using hourly input data contain 3 months of data, the 
rule of thumb is fulfilled by great margin. For the daily time step a minimum of 
2600 observations are available (365d·4yr), and for the Sæternbekken catchment 
the number is 2160 observations (24hr·30d·3months).  
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The N-S formula 
The Nash-Sutcliffe model efficiency coefficient (N-S, or often R2) 
quantifies the result of the calibration by summarising the square residual between 
the observed and simulated discharge for each event in the time series, as the ratio 
of the sum of the square residual between the observed and the mean discharge for 
all the events in the time series (Nash and Sutcliffe, 1971). This value is 
subtracted from one, so that a perfect match gives N-S 1.00, while no lower 
boundary is given. A complete random calibration result is given at values from 0 
and below. The N-S equation: 
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where obstQ  is the observed discharge at time t, 
sim
tQ  is the simulated discharge at 
time t, and obsmeanQ  is the mean observed discharge. 
3.3.3 The validation 
Validating the calibration result is important to see if the model structure 
and parameters are robust. Klemes (1986) describes thoroughly the types of 
validations that should be applied to calibration and/or simulation processes. He 
recommends the split-sample test (type 1a) for catchments with stationary time 
series, where observed data is available for the whole time period. The time series 
of the studied catchments of the study area are all considered homogenous. In 
addition the split-sample method requires that the validation period is independent 
of the calibration period. This means that the input data must not have been used 
for the calibration itself. Further Klemes (1986) suggests that between 30 % and 
50 % of the record is used in validation. If good validation results are achieved, 
the model is considered robust. If the validation result is disappointing, this 
suggests that the calibrated parameters are not generally valid to the catchment, 
and a re-calibration should be initiated to hopefully achieve a parameter set that is 
more generally valid to the catchment. If the validation result is still 
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disappointing, it might indicate that the data quality is not good, or the input data 
is not representative for the catchment. However if the validation is disappointing 
for several catchments, it might suggest that the model structure and/or use of 
parameters is not robust and should be reviewed. For catchments with less good 
calibration results, the validation process indicates that the model is very robust if 
it still achieves reasonable N-S values. It was not possible to retrieve satisfying 
length of time periods for all catchments, either due to gaps in data or because the 
observed time series of runoff, temperature or precipitation were not long enough. 
A minimum time series length is considered to be 3 years. Only four catchments 
successfully fulfilled these criteria. 
3.4 Landslide theory 
3.4.1 Nomenclature of mass movement 
Various definitions and categorisations of types of mass movement are 
found in the literature. The lack of one generally applicable nomenclature seems 
to be caused by the variation of mass movements found worldwide, and the fact 
that not all types are present everywhere. Even the overall definition ‘mass 
movement’ used here is not nomenclature. ‘Depositional processes’ and 
‘landslides’ are used as the same term (Blikra and Nemec, 1998). Blikra and 
Nemec (1998) propose a summary of the main depositional processes with 
reference to the postglacial colluviums of western Norway, where colluviums is 
defined as: 
...a general term for clastic slope-waste material, typically coarse 
grained and immature, deposited in the lower part of a mountain 
slope or other topographic escarpment, and brought there chiefly by 
sediment-gravity processes. 
Clastic means fragments of rocks or simply sediments originating from rocks. The 
depositional processes with special reference to Norway are rockfall/debrisfall 
avalanche, debrisflow avalanche, snowflow avalanche and waterflow. Nemec and 
Blikra (1998) aligns the debrisflow avalanche type with other used definitions 
such as ‘debris slides’, ‘grainflows’, ‘earthflows’, ‘lahars’, ‘landslides’, 
‘mudflows’ and ‘debris avalanches’ among others. It is within the debrisflow 
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avalanche definition by Blikra and Nemec (1998) we find the types of mass 
movements investigated in this study. It does seem very confusing with all these 
different words meaning more or less the same, and thus it is necessary to set the 
terminology for this thesis. The types of mass movement included in this study are 
the debris avalanche and debris flow types which also will have the overall term 
‘landslide’ in this study. Both Varnes (1978) and Ritter et al. (1995) suggests and 
uses ‘landslide’ as an overall term. One of the first to describe and define the 
debris avalanche type of landslide is Sharpe (1938), who stated that  
The typical debris-avalanche has a long and relative narrow track, 
occurs on a steep slope or hillsides in humid climate, and is almost 
always invariably preceded by heavy rains which increase the weight 
of the unadjusted material and aid in its lubrication. 
Recorded slopes range from about twenty to forty degrees near the 
head but flattens out to fifteen degrees or less toward the terminus... 
 
 
Figure 10. A debris flow, typically following the track of a stream in the hollow of the 
terrain. It is initiated by the high water content in soil and/or erosion by the stream (photo 
from the Norwegian Geotechnical Institute, NGI). 
 
3.4.2 Triggering factors in till soils 
Generally three conditions must be present in order to generate a debris 
avalanche or debris flow. 1) The steepness must be above 20-25°. 2) Enough 
loose material must be present. 3) Something must trigger the landslide. Number 
one and two are static factors, so the third category should be the one studied 
further.   
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Groundwater 
Groundwater is the most important single factor in triggering landslides. 
The rising of water tables and water pressures are contributory to most slope 
failures. The effective stress between individual soil grains is reduced by the 
increase in water pressure and consequently the resistance to shear is reduced. In 
addition the load of water in the soil add to the downward driving force of the soil 
column (Waltham, 2002, p. 66). Indications of increased groundwater levels have 
not often been analysed, however there is a long tradition for using precipitation 
records to indicate situations leading to landslides (Rapp, 1960; Decaulne and 
Sæmundsson, 2007). 
Freezing of water in the soil 
When water freezes it expands approximately 10 %.  This may exert new 
forces within the soil that can cause displacement. Repetitive cycles of snow thaw 
and water freeze increases this effect and adds to the potential of slide to trigger. 
The effect of water freezing in the soil could be the explanation for the Frank 
landslide on the April 29th 1903, Alberta, Canada. Voight and Pariseau (1978, p. 
16) argues that snowmelt generated by a warming period April 24th and 25th was 
followed by low temperatures. This has most likely caused a refreeze of the melt 
water in fissures and cracks exerting an additional downslope pressure releasing 
the slide. Another problem is that ice in the soil may prevent water from 
infiltrating, which then can increase the soil water content and pore water pressure 
locally (Grøneng et al., 2005). 
Soil frost 
Soil frost may act as a sliding layer having much the same characteristics as 
hard, impermeable bedrock. When the top soil is reheated during spring and 
summer, rain and/or snow melt infiltrating the unfrozen top soil layer may 
experience high pore water pressure which increase the potential for a landslide to 
trigger (Bargel, 2011; Colleuille et al., 2009). 
Human constructed triggers 
Culverts diverting water under roads and railways is a common landslide 
trigger in Norway (Bargel, 2011). If not maintained properly, leaves, branches, 
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stones, ice and blocks may hinder the water from running through the culvert and 
instead creating a dam of water. This may increase the pressure on the unintended 
dam construction which may break and start a landslide. The problem has often 
been observed for instance by several Norwegian forest roads (Bargel, 2011). 
3.4.3 Qualitative levels of landslide indicators 
In order to evaluate the model simulation at landslide events, three 
qualitative levels of model indications are formulated. The construction of these 
three levels is based on knowledge about what the main triggers are. 1) A fully 
saturated soil. 2) A significant increase in groundwater level. 3) No indications 
were found. Saturation excess overland flow will most often also be simulated in 
cases where the soil is fully saturated. In addition saturation excess overland flow 
can also occur if the infiltration capacity of the soil surface is reached due to an 
intense precipitation event. This can cause increased erosion and lead to a 
landslide.  Another cause of landslides is a sudden increase in groundwater level 
after a period with little precipitation. Therefore situations where a significant 
increase in the groundwater level is experienced is included as a level two 
indicator. Finally if no indications are found by the model, the landslide event is at 
level three. 
Table 6. Three qualitative indicator levels are introduced to describe the ability of the model 
to indicate landslide events. 
Indicators for landslide events 
Level one The soil is fully saturated 
Level two A significant increase in groundwater level 
Level three No indications simulated 
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4 Results 
4.1 KiWa model results 
4.1.1 Overview of results 
Table 7. Overview of optimised calibration results given by the Nash-Sutcliffe model 
efficiency coefficients (N-S). 
Catchment  Warm up period Calibration period Model version results by N-S 
   No EB EB EB-1day Hamon
Grimsvatn Jan-Dec 1997 Jan 1998 - Dec 2004 0.53 0.56 0.56
Målset Jan-Dec 1998 Jan 1999 - Dec 2003 0.64 0.69 0.70
Sogndalsvatn Jan-Aug 2000 Sep 2000 - Aug 2007 0.80 0.80 0.81
Krokenelv Jan-Dec 1985 Jan 1986 - Dec 1990 0.54 0.63 0.69 0.69
Jora Jan-Dec 1980 Jan 1981 - Dec 1985 0.78 0.78 0.80
Austbygdåi Jan-Aug 2000 Sep 2000 - Aug 2007 0.81 0.86 0.82
Sælatunga Jan-Aug 2000 Sep 2000 - Aug 2007 0.82 0.85 0.83
Fokstua Sep-Dec 2004 Jan 2005 - Dec 2009 0.68 0.69 0.70
Langtjernbekk Sep-Dec 2000 Jan 2001 - Dec 2008 0.81 0.81 * 0.81
Grosettjern Jan-Dec 2000 Jan 2001 - Dec 2005 0.85 0.88 0.87
Rudi Jan-Dec 1988 Jan 1989 - Dec 1992 0.81 0.83 0.82
Sæternbekken - Aug 20th - Nov 17th 1996 0.80 0.87 ** **
No EB = no elevation bands. 
EB = with elevation bands. 
EB-1day = with elevation bands and when the observed precipitation data has been assigned the previous day, 
due to the fact the data is collected daily at 6 a.m. central European time. 
Hamon = as EB-1day with the Hamon equation used. 
* indicate grid data, which means the precipitation data have already been corrected. 
** indicate hourly input data not suitable for the algorithms EB-1day or Hamon. 
 
The results of the calibration process for all the catchments are shown in 
Table 7 by means of the Nash-Sutcliffe model efficiency coefficient (N-S). The 
table shows the stepwise evolvement of the modification of the KiWa model, 
from the original model version without elevation bands (No EB), through version 
with elevation bands (EB), to the calibration process with input data of 
precipitation being moved one day ahead (EB-1day), and finally the model 
version testing the Hamon’s equation. 
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At the first step from No EB to EB the improvement of the calibration 
process measured in N-S values goes from no improvement to 7 % and 9 % 
points. The reason why no improvement is found for the Langtjernbekk catchment 
can be explained by the small range of elevation the catchment covers, from 518-
758 m.a.s.l. (see Table 3, p. 12). For the Krokenelv catchment the N-S value 
increases significantly from 0.54 to 0.63. In this case the elevation of the 
catchment ranges from 17-1462 m.a.s.l. which causes much larger differences in 
the distribution of temperature and precipitation. These meteorological variables 
are now much better simulated by the model. An interesting improvement is 
found for the Sæternbekken catchment, where the model performed well without 
elevation bands with N-S at 0.80, however with elevation bands the N-S value 
increase to 0.87. This is a very good result, even though the catchment size and 
elevation distribution (107-420 m.a.s.l.) is similar to that of Langtjernbekken. It 
should be noted that the input data, unlike any the other catchments in the study, 
uses time steps of one hour. This might imply that finer time resolution 
strengthens the elevation band version by simulating the daily variation in 
temperature and precipitation, which helps simulating the effects the snow 
accumulation, snowmelt and evapotranspiration. 
The overall calibration result for the 12 catchments using the EB version 
measured in N-S values ranges from 0.53 to 0.87. If excluding the Sæternbekken 
catchment, which is not comparable with the two remaining test version because 
of the use of hourly input data, the best calibrated result for the EB version is 0.85 
N-S for Grosettjern. 11 of 12 catchments reached above 0.60, which is reckoned 
to be an acceptable minimum N-S value, and this is a good overall result. Six of 
the catchments have N-S values from 0.80 and above, which must be considered 
to be very good. 
For the EB-1day version, where the precipitation input data has been 
adjusted one day ahead, a small but though still significant improvement has been 
reached. Two catchments were excluded from testing this model version as 
Langtjernbekk uses gridded and already adjusted input data, while Sæternbekken 
uses hourly input data. The calibration result of the remaining ten catchments 
show an average increase of 2.8 % points. None if the catchments have 
experienced a drawback, while the most striking improvements are those of 
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Grosettjern and Austbygdåi. These two catchments had already reached high N-S 
values, but were increased even more too impressive 0.88 and 0.86 respectively. 
Also Målset and Krokenelv have improved well, increasing most of all the 
catchments by 5 and 6 % points respectively, both to 0.69. 
The final test using the Hamon’s equation did not show any overall 
improvement in the calibration of the catchments compared to that of EB-1day. 
Four catchments improved only slightly, the best with 2 % points, while four 
catchments experienced a worsening in N-S, the most severe with 5 % points. The 
remaining three catchments were status quo. As the Hamon version did not result 
in any overall improvement to the calibration process, the results of the EB-1day 
version is used for the further study of the hydrological conditions at landslide 
events. Also the results of the EB-1day version is used to present the general 
observed and simulated discharge and other water balance elements if nothing 
else is specified. 
4.1.2 Validation of parameter sets 
The calibrated parameter sets for four catchments have been validated for 
independent time periods of 3 or 5 years. One of the catchments (Målset) included 
in the validation analysis had a relatively low N-S value at 0.64 for the calibration 
period, while the three others gave good calibration results at 0.81, 0.81 and 0.82. 
The validation results gave all very similar N-S values at values 0.63, 0.77, 0.82 
and 0.82. Not surprisingly the lowest N-S calibration result also responded with 
the lowest value for the validation test, while the three remaining responded with 
values similar to the calibration result. 
Table 8. Results of the validation of optimised parameter sets for four catchments given by 
the Nash-Sutcliffe model efficiency coefficients. 
Catchment name Warm up period Validation period N-S 
Austbygdåi Jan 1995 - Aug 1995 Sep 1995 - Aug 2000 0.81 
Målset Jan 1992 - Aug 1992 Sep 1992 - Aug 1997 0.69 
Sogndalsvatn Jan 2007 - Aug 2007 Sep 2007 - Aug 2010 0.78 
Sælatunga Jan 1995 - Aug 1995 Sep 1995 - Aug 2000 0.85 
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4.1.3 Details of simulation results 
Daily observed and simulated discharge 
In the following section the result of the calibration is presented by examples 
from the range of calibration results achieved, respresented by Grimsvatn as the 
worst case, Sogndalsvatn as the medium good case, and Grosettjern which 
achieved the best calibrated result of all the catchments. 
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Figure 11. Daily observed and simulated discharge for Grimsvatn catchment for the year 
2000. 
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Figure 12. Daily observed and simulated discharge for Grimsvatn catchment from April 15th 
to June 14th 2000. 
 
The calibration result of the Grimsvatn catchment is visualised in the above 
figures by plotting the simulated discharge against the observed discharge. The 
calibration of the Grimsvatn catchment resulted in the lowest of all the eleven 
catchments studied with the N-S value of 0.56. It is therefore interesting to see 
what ‘went wrong’ in the simulation. A time series plot of observed and simulated 
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discharge for one full hydrological year (Figure 11) gives an overview of the 
model performance, while more details are shown in Figure 12, showing only two 
months of the year 2000. For a full time series plot of the observed and simulated 
discharges (see appendix F). The plot of the hydrological year shows that far from 
all peak discharges are well simulated. In the end of Nov 1999 the model 
overestimates a peak event heavily, while the opposite happens close to May 1st 
2000. However the seasonal variation in discharge, which shows a spring/early 
summer snow melt event, is simulated well. When looking into more detail at the 
calibration, at the time period from mid April to mid June, it is shown that the 
largest peak of the period, which lasts for several days from April 26th to May 3rd, 
is not depicted by the simulation. Also on June 13th and to a lesser degree June 2nd 
peak discharges are missing from the simulation. These events, where the 
simulated peak discharge is lacking, could be explained by either too little 
contribution of snowmelt simulated by the model and/or poor meteorological data 
quality, first of all by means of the precipitation. One issue is that the 
meteorological station might not be representative for the catchment. This can be 
the case if the station is located too far from the catchment area, or if topography 
is affecting the meteorological conditions in the area heavily. This can lead to 
observed precipitation data that differ considerably compared to the amount of 
precipitation actually received in the catchment. Finally, the snowmelt simulation 
is sensitive to errors or bad representation of the temperature for the catchment at 
time periods when the temperature fluctuates around 0 °C. Now, this should not 
have as strong affect as bad representation by precipitation records, as the 
temperature does not vary much in space (assumed no change in elevation) as 
temperature does. The crudeness of daily data also simplifies the daily variation in 
temperature and thereby the simulated processes of snow melt and refreezing of 
meltwater determining the snow melt contribution to runoff. Finally it should be 
mentioned that the Grimsvatn catchment annually receives above 3000 mm of 
precipitation, due to its location in the western part of southern Norway. 
Compared to other catchments in the study, it is the westernmost situated 
catchment, and receives six times more precipitation compared to what is 
observed for the more central and eastern located meteorological stations. This 
might indicate that the KiWa model has problems simulating the large amounts of 
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precipitation. However, it is more likely that the issue is not attached to the model, 
but rather to the representation of the meteorological data of the catchment. The 
west coast is known for more extreme whether situations than the central and 
eastern regions. The extreme weather events also include locally intense rainfall 
events that might not be recorded with the same values at the meteorological 
station as what is actually falling in the watershed. All in all, these spatial 
variations contribute to make the calibration process very challenging and 
difficult. 
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Figure 13. Daily observed and simulated discharge for Grosettjern catchment for the period 
Sep 1st 2002 to Aug 31st 2004. Y-axis scale is chosen to be comparable with Grimsvatn 
catchment. 
 
The Grosettjern catchment gave the best calibration result of all the 
catchments with a N-S value at 0.88. In Figure 13 a part of the observed and 
simulated discharge time series is plotted to evaluate the calibration result. For a 
full time series plot see the appendix. The first thing to comment is the overall low 
discharge compared to the Grimsvatn catchment. The same Y-axis scale has been 
chosen for the two catchments in order to demonstrate the huge difference. The 
difference is valid to the general runoff as well as the peak discharge events and 
the number of annual peak discharges. While the discharge for Grimsvatn was 
much higher and also varying throughout the year, the runoff for Grosettjern is 
very low all year except for the spring snowmelt in Apr to Jun. After the snow 
melt period, the summer and fall runoff is still varying but at a much smaller 
scale. Finally a long winter period from Nov to next spring snowmelt shows only 
little or no discharge. When comparing the simulation and observed discharge for 
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the Grosettjern catchment the result is very good. When looking at the entire 
calibration period, the spring snowmelt in year 2004 is the least well simulated, 
while the 2003 case, also seen in Figure 13, is more representative for the 
calibration period. It should be commented that the very good calibration result of 
N-S 0.88 of course is a result of a very good agreement between the simulated and 
observed discharge, however it should also be noted that the long time periods 
with little or no discharge at all does help to achieve a good result as those time 
periods are relatively easy to simulate. 
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Figure 14. Observed and simulated discharge for Sogndalsvatn catchment for the 
hydrological years 2003 and 2004. 
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Figure 15. Observed and simulated discharge for Sogndalsvatn catchment from May 1st to 
Jun 30th 2003. 
 
A more general simulation case is the Sogndalsvatn catchment with a N-S 
value of 0.80. In Figure 14 a two year time period shows that the simulation 
follows the observed discharge reasonably well. When looking closer to the data 
for the snowmelt season in year 2003, Figure 15, it is shown that the largest peak 
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at Jun 5th is simulated well, while one local peak on May 30th is not simulated at 
all. Also around Jun 20th the discharge is less well simulated, as the peak is 
simulated to early. Generally though, the simulation is good. The annual specific 
discharge of the Sogndalsvatn is in the mid range of the all the catchments. 
One of the better calibrated catchments, Austbygdåi, with a NS value of 
0.81, shows simulated discharge that generally is close to the observed values, as 
shown in Figure 16. A closer look to the data in Figure 17 reveals that the timing 
of the discharge peaks are well simulated, while the peak size is simulated too 
high for the maximum discharge event on day 127 with 43.5 mm against the 
observed discharge value at 31.2 mm. Two other smaller events durin autumn are 
simulated a bit too high, however two other smaller events simulate too little 
discharge. Looking on Figure 16 no evident sign of an over- or underestimation of 
peak discharge events is found. In genereal it can be said that the timing, height 
and recession of peak events are well simulated for Austbygdåi catchment. 
 
 
Figure 16: Observed and simulated discharge from Austbygdåi catchment for the entire 
calibration period, Sep. 2000 - Aug. 2007. 
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Figure 17: Observed and simulated discharge from Austbugdåi catchment year 2004. 
 
 
Figure 18: Observed and simulated discharge for Målset catchment. 
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Figure 19: Simulated and observed discharge for year 1999 for Målset catchment. 
 
For one of the less well calibrated catchments, Målset, with a N-S value of 
0.69, the timing of the discharge peaks and the peak maximums are not so well 
simulated, see Figure 18. Looking in more detail in Figure 19, of the year 1999, 
the peak on day 170 is not simulated at all, and many other local peaks are not that 
well simulated. However the overall melting season starting around day 121 and 
ending around day 211, is well simulated. 
 
Figure 20: Simulated saturated overland flow (Qover) and simulated groundwater flow 
(Qsub) from Austbygdåi catchment. 
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Figure 21: Simulated saturated overland flow (Qover) and simulated groundwater flow 
(Qsub) from Austbygdåi catchment for year 2004. 
 
 
Figure 22: Observed precipitation year 2004 at Tessungdalen meterological station used as 
input data for Austbygdåi catchment. 
 
Figure 20 and Figure 21 the simulation of the groundwater flow and the 
saturation excess overland flow for the Austbygdåi catchment is shown. These to 
contributions gives the total discharge used in the calibration process, so it is 
worth paying them some attention seperately too. The overview of the entire 
period, Figure 20, shows few events of saturation excess overland flow. The only 
major saturation excess overland flow event, Figure 21, coincides with the 
maximum discharge event described above. The overland flow is at 20 mm almost 
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the same size as the grounwater flow at 25 mm and 26 mm the day after. 
Observed preciptation data, Figure 22, shows an intense rainfall event at the same 
time as the saturation excess overland flow event. 
 
 
Figure 23: Saturation excess overland flow (Qover) and graoundwater flow (Qsub) simulated 
for the Målset catchment. 
 
For Målset catchment the saturation excess overland flow is simulated to 
occur far more often, see Figure 23, than the case was for Austbygdåi catchment. 
This is related to the fact that the Målset catchment is located more to the west 
and closer to the coast, thereby experiencing more moist winds and much more 
precipitation than Austbygdåi, which is located on the lee side of the mountains.  
4.2 Hydrological indicators for landslides 
In total 49 landslide events have been explored by looking at the simulated 
results of the model. Five catchments have been selected to be used in this 
analysis, which were chosen because several landslides have been recorded in 
their vicinity during the simulated time period. As described in chapter two, there 
are several agents for triggering landslides. However water in the soil is suggested 
to be the major trigger. This is the motivation for looking at the saturated soil 
water content constituted by the groundwater level (GWL) simulated by the 
model. The hypothesis is that simulated GWLs are high or experience a 
significant increase at the landslide event. 
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A summary of the results is given here before looking closer at the 
hydrological conditions at single events. The summary in Table 9 is based on all 
the landslide events for all the five catchments. Each evaluated event is included 
in the appendix by a figure showing the most important hydrological feature for 
each specific event. Also in the appendix a summary for each individual 
catchment is found. Table 9 shows that 24 cases were regarded well indicated by 
the model. 11 cases were considered to be indicated at level two, meaning that a 
significant increase in the GW level was simulated. Events were also included 
even if the timing of the event were one day before or after the hydrological 
indications simulated. 14 cases were not depicted at all. This means that of the 
total number of landslide events 49 % of the events were indicated at the highest 
level, 22 % at level two, while 29 % were not indicated at all. 
 
Table 9. Landslide events evaluated by the simulated groundwater levels by the KiWa model 
for five catchments of the study region. Three qualitative indicator levels have been 
introduced in Table 6 p. 32, were level one is the best, and level three does not show any 
indications of high or significantly increased groundwater levels. 
  Level 1 Level 2 Level 3 Total 
Langtjernbekk 7 3 0 10 
Sogndalsvatn 3 4 2 9 
Austbydgåi 10 1 5 16 
Grosettjern 1 0 4 5 
Målset 3 3 3 9 
Sum 24 11 14 49 
In % 49.0 22.4 28.6 
 
Table 10. The same as Table 9, but with winter season landslides being excluded. The winter 
season is defined by a long period prior to the landslide event with cold temperatures well 
below 0 °C. 
Level 1 Level 2 Level 3 Total 
Langtjernbekk 7 3 0 10 
Sogndalsvatn 3 4 0 7 
Austbygdåi 10 1 3 14 
Grosettjern 1 0 1 2 
Målset 3 0 0 3 
Sum 24 8 4 36 
In % 66.7 22.2 11.1 
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In Table 10 landslides occurring during winter season have been omitted 
from the summary. Each winter event is marked in grey in the specified overview 
for each catchment in appendix G, pp. 85-87. A winter situation is defined by the 
temperature during the period in advance of the landslide event. If the temperature 
has been significantly below 0 °C for a longer time period up to the event, it is 
considered a winter situation. The motivation for pointing out these events is that 
other processes, than what is indicated by the hydrological processes simulated by 
the model, most likely causes the landslide events. Such factors include frost in 
the soil, melt and refreeze cycles in the soil. After excluding the winter events, 
impressive 67 % of the events are categorised as level one indicated occurrences. 
22 % are categorised as indicated at level two, while only 11 % are not indicated 
at all. If adding the level 1 and 2 indicated events, the evaluation by all 49 events 
give a 71.4 % ratio, while if excluding the events during winter conditions 89 % 
are indicated. This suggests that the model does indeed point out that increased 
GWL is a good indicator for landslide events. Also this suggests that the model 
can be used for forecasting hydrological conditions that might trigger a landslide 
event if available forecasted information on precipitation and temperature are 
available. 
In the following section examples of each of the three quantitative levels of 
hydrological indicators at landslide events, introduced in chapter 3, will be 
exemplified. For repetition, the first type is when the soil is fully saturated. The 
second type is when a high GWL is found and/or a significant increase in GWL 
has happened too. The remaining cases do not show any hydrologic related 
indicators for landslides. However some of these cases does show other 
interesting indications related to the meteorological data, such as critical 
temperature ranges around 0 °C. Several examples of the level three hydrological 
indicators will be given in order to find possible trends. 
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4.2.1 Examples of level one indications 
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Figure 24. Simulated groundwater levels for three elevation bands at Langtjernbekk 
catchment close to the landslide Apr 24th 2001. 
 
In Figure 24 a landslide event recorded Apr 24th 2001 close to 
Langtjernbekk catchment is analysed regarding the GWL for three elevation 
bands (EB). For EB 3 the GWL is simulated to be located at the surface at the 
event of the landslide. For EB 6 a significant increasing in GWL is simulated, 
while the location of the groundwater table (GWT) is located quite close to the 
soil surface. These two hydrological indications can be distinguished as level one 
and two indicators respectively. The increase in GWL for EB 9 is delayed 
compared to the two other EBs, which most likely is caused by temperature 
differences across the elevation bands delaying the snowmelt and/or simulating 
precipitation as snowfall instead of rainfall. This case demonstrates the 
importance of the introduction of elevation bands to the model, as the timing in 
increase of GWL and location of the GWT below the soil surface varies from one 
elevation band to the other. All though we can not verify the variation in GWL 
with elevation, one must expect that similar processes do occur in real life. 
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4.2.2 Examples of level two indications 
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Figure 25. Simulated GWLs and adjusted precipitation for three elevation bands at 
Austbygdåi catchment close to the landslide events July 3rd, 5th and 7th 2007. 
 
In Figure 25 three landslide events on July 3rd, 5th and 7th 2007, are 
evaluated. The hydrological conditions show high GWLs at the time for all the 
three landslides on the 3rd, 5th and the 7th of June. This is a clear response to 
several days of rainfall which follows an earlier period of rainfall around the 21st 
of June, which had already increased the GWL to a relatively high level. The 
GWL is simulated to be almost the same for all EBs, which is typical for the 
summer time when the temperature is well above the freezing point for all EBs. 
During spring and autumn the effect of decreasing temperatures with elevation 
can cause precipitation to fall as snow instead of rain. This affects the GWL as 
will be demonstrated in the following example. 
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Figure 26. Landslide Nov 15th 2004, Sogndalsvatn. 
 
Figure 26 shows a level two indicated landslide event very close at being a 
livel one indicated landslide event. The timing of the GWL varies from one EB to 
another due to precipitation being simulated as snow instead of rain for higher 
EBs. 
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Figure 27. Landslide event Aug 15th 2007. 
 
Another well indicated landslide event. Compared to the case in Figure 25 
the simulated GW level is a little lower, however the increase rate just before the 
event is more significant. One intense rainfall event was the cause of this increase 
in GW level. 
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Figure 28. A level two case; Simulated groundwater level (GWL) and precipitation (P) for 
three elevation bands (Eband) at Austbygdåi catchment. Landslide events on October 11th 
and 12th year 2000. (- -) indicate the snow accumulation temperature parameter at 0.94. 
 
The simulated GWL in Figure 28 shows a significant increase in GWLs for 
EB 3 and 6 starting some days in advance and peaking on the day of the landslide 
event Oct 11th. This implies a level two indicator level. As the upper figure shows, 
the increase in GWL does not apply for EB 9, as no increase in the GWL is 
simulated at the day of the landslide. The explanation for this is found in the 
adjusted temperature estimations (lower figure part) where it is seen that the 
temperature falls just below the snow accumulation temperature parameter (at 
0.94) for EB9, while EB 6 and EB3 are just above. The parameter determines the 
  
52 
threshold value for whether precipitation falls as rain or snow. Therefore all 
precipitation at EB 9 is simulated to fall as snow and therefore not contributing to 
the GWL. The adjusted temperatures are at sensitive ranges around 0 °C, In this 
case the difference in altitudes of the elevation bands are is critical for the impact 
of increase in GWL. For Austgygdåi they are located at 992 m.s.l. (EB3), 1207 
m.s.l. (EB6) and 1391 (EB9).  An interesting question is whether the difference in 
type of precipitation and the following variation in GWLs do reflect what is going 
on in real life? Well, we will never find this out, however we can do some 
reflections about the matter. One important reflection is to be aware that also 
hydrological processes in real life are sensitive to small changes in temperature 
for values around 0 °C. Further it can be deduced, that in this case the simulation 
of GWLs are influenced by 1) the precipitation amount, and 2) the temperature 
deciding if precipitation is falling as snow or rain, and that elevation has a clear 
impact on what hydrological processes are happening within one catchment if it 
covers a certain range of elevation. One way to approach this problem is to make 
several simulations of temperature for one catchment, which is actually already 
done in this model via the introduction of elevation bands. Of course if one does 
not include several elevation bands in the evaluation process, one might not see 
the variation in hydrological processes at different elevations of the catchment. 
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Figure 29. A level two case; Simulated groundwater level (GWL), precipitation (P), 
temperature (T) and snow melt (Smelt) for three elevation bands (Eband) at Sogndalsvatn 
catchment. Landslide event occurred on May 9th 2004. 
 
The Figure 29 shows a complex situation with different variations in GWL 
for each elevation band. The main agent to these differences is found in the 
  
54 
contribution from snowmelt. In the beginning of the three week period GWLs are 
high for EB 3 and 6 while relatively low for EB 9. After approximately 7 days the 
GWL for EB 3 starts to lower while that of EB 9 increases. EB 6 remains at a high 
level throughout the period. The snowmelt reveals that contributions to the GW 
for EB 9 is less than for EB 6 which is again minor than for EB 3. The decrease in 
snow melt with decreasing altitude of the EB is due to the temperature difference 
of 4 °C from the EB 3 to 9, as the melt rate is determined by T. After five days the 
snow storage at EB 3 is melted away and therefore stops contributing to the GW 
level. On the contrary the GWL for EB 9 increases significantly from the 4th to the 
14th do to the warm temperature spell because snow is still abundant. The same is 
the situation for the EB 6 with a GWL constituted at an even higher level. What is 
remarkable in this case is the absence of significant amounts of precipitation 
during the period. The hydrological conditions simulated in this case indicate that 
snowmelt is the main source to the increase in GWL. 
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Figure 30. Landslide event Grosttjern Sep 18th 2001. 
 
In Figure 30 the GWLs show a significant increase close to the recorded 
landslide. However the timing is one day to late and the GW level is relatively 
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low in advance and is not dramatically high after the event either. The 
precipitation seems to have been recorded on the 19th explaining why the model is 
not able to simulate any significant GW increase on the 18th. Anyhow the case is 
assigned to a level two indicated landslide event. 
4.2.3 Examples of level three indications 
The landslide events that are not well simulated by the model is described in 
this section. A common feature of many of the events is that they occur during 
winter or spring season while snow and snowmelt processes are still dominant. 
Examples of these types of events will be shown here, while the few landslides 
with no hydrological indicators can be found in the appendix, e.g. the Jul 27th 
2007 landslide at Austbygdåi. 
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Figure 31. Two level three indicated landslide events on Dec 19th 2003 at Målset. 
 
In the landslide case of Figure 31 no GWL increase were observed even 
though a large precipitation event occurred the day before. This must be due to the 
fact that the adjusted temperatures for the elevation bands are lower than the snow 
accumulation threshold value causing a simulation of snowfall instead of rain. As 
the GWL can be observed to be at a quite high level before the event, only a part 
of the observed precipitation falling as rain would most likely have responded in a 
high GWL. If finer resolution in input data, such as hourly data, had been used, 
enough precipitation might have been simulated to make the event a level one or 
two event. 
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5 Discussion 
Model simplification of reality 
It is the nature of models to do simplifications of the real world. Recording 
input data would be an endless job if all physical parameters should be collected 
and included in the model. Simplification that can be carried out in a simulation 
within a limited time range is often desired as forecasting of the hydrograph is 
important for flood warnings e.g. Assumptions and simplifications made in the 
KiWa model are discussed in the following with emphasis put on the soil moisture 
part. 
Slope, slope length and interconnection of elevation bands 
The use of discretised elevation bands does generally reflect the movement 
of groundwater and saturation excess overland flow through the catchment. In 
some cases however, slope length may be much longer, shorter, steeper or less 
steep than what is indicated by the slope length parameter and the slope angle 
parameter. The presence of small streams, rivers and lakes are however most often 
present for any elevation band, and as soon as the groundwater does reach such 
feature, the water escapes the catchment instantly. If the calibration process does 
not perform well, and many element features of the catchment can be pointed out 
as not being representative to the discretisation of elevation bands, it is a 
possibility to install individual distributed watershed elements (DEW) such as 
proposed by Beldring (2008).  
Homogenous soil moisture and groundwater conditions 
The model assumes that soil moisture conditions are homogeneous at each 
discrete step down the slope for each individual elevation band. However in 
reality small and medium scaled variations in surface topography, and subsurface 
impermeable bedrock topography (also called subsurface topography) diverts and 
catches the water to form local variations in the GWL. These variations cause the 
movement of water to slow down or even stop for shorter or longer periods when 
topographic features hinder further water movement. In other situations the 
movement will increase when the topography diverts the water into local surface 
or subsurface hollows, increasing the groundwater depth or gathering water in 
hollows during periods of increased precipitation. These local variations are not 
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possible to consider when modelling, unless the model goes into extreme detail of 
the entire surface and subsurface topography of the catchment. 
The model also assumes homogeneous soil properties for the entire 
catchment, all though other soil properties than the ones given in the parameter set 
is most likely found within the catchment boundaries. The soil property 
parameters includes the soil depth to bedrock, the soil porosity, the hydraulic 
conductivity at the soil surface, the decrease rate of hydraulic conductivity with 
depth and the root depth. For example decreases the soil depth with elevation in 
addition to the general space variation. The soil porosity and hydraulic 
conductivity will have different values for various soil types found within the 
catchment. Sediments of glaciofluvial (sand and gravel) and lacustrine origin 
(clay and silt) for instance have other properties than glacial till. 
Landslide data quality 
The landslide events used in the study have been selected from the 
Norwegian database of landslides which is found online at www.skrednett.no. 
Most recordings have been made by the Norwegian Public Roads Administration 
or the Norwegian National Rail Administration. There are however several 
questions to be asked about the quality of these recordings and the general quality 
of the database. For instance are all landslides in Norway recorded? Is there a 
standard form of what is being recorded? The answer to both questions are no. 
Only landslides hitting infrastructure must be recorded, which involves mainly 
roads or railway. If the landslide stop 1 cm from the road construction, it most 
likely will not be reported. Also when looking for information at 
www.skrednett.no for landslide events far from every event have been added all 
the information in the standard scheme. For example most events do not have an 
estimated volume or an exact time of incident. This can either be explained by bad 
routines or simply due to the lack of knowledge about the incident. In the light of 
all these data quality issues, it was a bit surprising that hydrological indicators 
were found at so many events of landslides. It should also be noted that large parts 
of southern Norway consists of mountains with few or no roads, buildings or 
railways, and that the landslides might occur much more frequent then what is 
recorded. 
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Elevation bands and catchment sizes 
A clear trend was found that landslides occurring during the winter season 
were not indicated by the hydrological conditions simulated by the model. 
However observed temperature and adjusted temperatures for the elevation bands 
of the model, indicated that stable cold periods followed by increased 
temperatures to just above 0 °C, were commonly linked to the winter landslide 
events. This indicates that processes of snowmelt, water refreezing and soil frost 
conditions, which are not included in the model, may dominate as indicators for 
landslides during that time of the year. These interactions are complex processes, 
which possibly should be approached using finer resolution than daily input data, 
to achieve a more detailed description of the melt and freeze processes. Also the 
model should aim at simulating frost conditions in the soil, as frost may have a 
major role in triggering landslides. The KiWa model were not able to do these 
simulations, and it has not either been a target for this study from the beginning. 
From evaluating the hydrological conditions as indicators to landslides, the 
importance of the elevation bands were displayed several times. The GWL varies 
significantly from one elevation band to the other particularly at time periods 
when the snow starts to melt, and when precipitation occurs while the temperature 
is close to 0 °C. Actually the lack of elevation range for one catchment, might not 
give the full view of the processes that are ongoing for the nearby area, if this 
nearby area constitutes altitudes that are outside the range of the model 
simulation. As long as we are not provided with knowledge about the release 
height of the landslide from the landslide database, it might be a problem using 
small scale catchments representing a small range of elevation. It could be 
considered to extrapolate the catchment elevation synthetically in order to get a 
better picture of the hydrologic conditions for the area under investigation. This is 
somewhat in contrast to how the KiWa model was developed, for small scaled 
catchments. However, this study shows that the model performs just as good for 
medium scaled catchments, such as Sælatunga and Austbygdåi. These catchments 
with area sizes of 455 km2 and 346 km2 achieved the second and third best N-S 
values with 0.82 and 0.86 of the catchments using daily input data. 
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6 Conclusions 
 The modified model version including 10 elevation bands improved the 
performance significantly for 2 of 3 tested catchments, while the last 
catchment did not show any change due to the small elevation range. 
 The modified model version using the Hamon’s equation for determining 
potential evapotranspiration did not show any significant improvement in 
the calibration result compared to the original equation using only a simple 
temperature factor. This might be because of the fact that Hamon’s 
equation itself is a simple empirical equation. 
 The model calibrations for all 12 catchments were acceptable. For 11 of 12 
catchments N-S values reached above 0.69, and 5 of 11 reached above 
0.80. 
 The evaluation of hydrological indicators for landslide events showed that 
overall 71 % of the landslide events were indicated by extreme 
hydrological conditions, and when disregarding landslide events during 
winter season, the number increased to impressive 89 % of the events.  
 Following the conclusion just above, the model can be used to forecast 
hydrological conditions that have potential to trigger a landslide event, if 
forecasted precipitation and temperature data are available. 
 Landslide events occurring during winter conditions were not indicated by 
the hydrological conditions simulated by the model. This suggests that 
other processes not incorporated into the model, such as refreezing of water 
in the soil and soil frost conditions may be more important during these 
events. 
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Appendix A – figures of seasonality 
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Figure 32: Seasonality plots for Grimsvatn catchment based on daily observed data from 1. 
Jan. 1998 to 31. Dec. 2004. P and T are observed data from the Sauda meteorological station, 
while Q is observed data from Grimsvatn runoff station. 
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Figure 33: Seasonality plots for Målset catchment based on daily observed data from 1. Jan. 
1999 to 31. Dec. 2003. P and T are observed data from the Modalen II meteorological station, 
while Q is observed data from Målset runoff station. 
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Figure 34: Seasonality plots for Krokenelv catchment based on daily observed data from 1. 
Jan. 1986 to 31. Dec. 1990. P and T are observed data from respectively Øvre Årdal and 
Fortun meteorological stations, while Q is observed data from Krokenelv runoff station. 
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Figure 35: Seasonality plots for Jora catchment based on daily observed data from 1. Jan. 
1981 to 31. Dec. 1985. P and T are observed data from Fokstugu meteorological station, 
while Q is observed data from Jora runoff station. 
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Figure 36: Seasonality plots for Fokstua catchment based on daily observed data from 1. 
Jan. 2005 to 31. Dec. 2009. P and T are observed data from the Fokstugu meteorological 
station, while Q is observed data from Fokstua runoff station. 
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Figure 37: Seasonality plots for Austbygdåi catchment based on daily observed data from 1. 
Sep. 2000 to 31. Aug. 2007. P and T are observed data from respectively the Tessungdalen 
and Dagali II/Lufthavn meteorological stations, while Q is observed data from Austbygdåi 
runoff station. 
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Figure 38: Seasonality plots for Sælatunga catchment based on daily observed data from 1. 
Sep. 2000 to 31. Aug. 2007. P and T are observed data from the Kjøremsgrendi 
meteorological station, while Q is observed data from Sælatunga runoff station. 
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Figure 39: Seasonality plots for Langtjernbekk catchment based on daily observed data from 
1. Jan. 2001 to 31. Dec. 2008. P and T are grid data obtained from nearest meteorological 
stations, while Q is observed data from Langtjernbekk runoff station. 
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Figure 40: Seasonality plots for Grosttjern catchment based on daily observed data from 1. 
Jan. 2001 to 31. Dec. 2005. P and T are observed data from Møsstrand II meteorological 
station, while Q is observed data from Grosettjern runoff station. 
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Figure 41: Seasonality plots for Rudi catchment based on daily observed data from 1. Jan. 
1989 to 31. Dec. 1992. P and T are observed data from Venabu meteorological station, while 
Q is observed data from Rudi runoff station. 
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Appendix B – tables of seasonality 
P [mm] Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Sum 
Grimsvatn 197 241 151 62 61 110 74 85 78 136 160 153 1509 
Målset 393 380 240 142 197 234 133 192 237 252 284 286 2970 
Sogndalsv. 205 118 88 93 31 69 85 98 161 133 189 171 1500 
Krokenelv 92 74 77 24 31 45 62 69 78 68 53 93 767 
Jora 38 22 32 19 31 37 55 42 41 56 47 23 442 
Austbygdåi 66 39 34 44 72 61 102 96 73 111 89 50 837 
Sælatunga 42 30 12 13 36 33 57 53 25 38 43 33 414 
Fokstua 45 26 19 13 34 40 57 60 42 40 39 23 438 
Langtjernb 90 53 37 75 119 100 152 109 87 117 85 76 1100 
Grosettjern 77 40 35 46 69 71 88 59 74 85 63 44 752 
Rudi 31 39 45 32 23 76 67 78 33 54 56 53 589 
Table 11: Table of mean monthly observed precipitation values related to each catchment. 
 
T [°C] Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg 
Grimsvatn 0.0 0.0 1.9 6.8 10.4 12.9 15.2 14.8 12.8 8.2 3.2 0.2 7.2 
Målset -0.7 -1.5 1.1 5.5 8.9 12.0 14.4 13.1 12.0 8.2 3.0 -1.4 6.2 
Sogndalsv. 1.3 0.6 2.4 5.4 8.7 12.4 16.0 15.6 11.9 7.9 4.7 2.2 7.4 
Krokenelv -4.1 -2.3 -0.2 4.2 9.4 13.6 14.1 11.8 9.1 6.9 0.6 -1.9 5.1 
Jora -8.8 -7.4 -6.0 -1.3 4.8 6.9 10.3 8.4 6.2 2.6 -4.3 -7.5 0.3 
Austbygdåi -6.9 -7.7 -5.1 -1.2 3.2 8.2 12.2 11.4 7.3 1.7 -2-8 -6.0 1.2 
Sælatunga -5.5 -6.4 -3.3 0.6 4.8 9.2 13.6 12.7 8.4 2.7 -1.8 -5.4 2.5 
Fokstua -6.1 -7.5 6.1 -0.4 3.6 8.5 11.7 8.8 6.3 3.3 -3.0 -5.8 1.1 
Langtjernb. -6.3 -6.1 -3.3 2.4 7.3 11.9 14.1 12.4 8.8 3.8 -1.8 -5.6 3.1 
Grosettjern -5.6 -6.8 -4.5 0.1 4.3 8.9 11.6 10.2 7.4 9.4 -2.3 -5.4 1.8 
Rudi -5.2 -5.9 -3.4 -1.7 5.1 9.0 11.1 9.0 6.5 2.9 -4.3 -6.2 1.4 
Table 12: Table of mean monthly observed temperature values related to each catchment. 
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Appendix C – groundwater level 
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Appendix D – catchment maps 
 
Figure 42: Austbygdåi catchment in Telemark fylke 
 
Figure 43: Fokstua catchment in Oppland fylke. 
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Figure 44: Grimsvatn catchment in Rogaland fylke. 
 
.
 
Figure 45: Grosettjern catchment in Telemark. 
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Figure 46: Jora catchment in Oppland fylke. 
 
 
Figure 47: Krokenelv catchment in Sogn og Fjordane fylke. 
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Figure 48: Langtjernbekk catchment in Buskerud fylke. 
 
 
Figure 49: Målset catchment in Sogn og Fjordane fylke. 
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Figure 50: Rudi catchment in Oppland fylke. 
 
 
Figure 51: Sogndalsvatn catchment in Sogn og Fjordane fylke. 
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Figure 52. Sælatunga catchment in Oppland fylke.
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Appendix E – model parameter sets 
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Appendix F – simulated and observed hydrographs 
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Appendix G – tables of landslide events 
Grey marking of rows indicate landslide events categorised as winter events. 
Austbygdåi 
Date Events Avalanche type Volume Indicator level 
2000-10-11 2 Earth slide ?,6 1 
2000-10-12 1 Debris Unknown 1 
2000-10-12 1 Earth slide Unknown 1 
2002-02-01 2 Earth slide 3,? 3 
2007-07-03 2 Flow 30,50 1 
2007-07-05 2 Flow 30,100 1 
2007-07-07 1 Flow 50 2 
2007-07-27 3 Flow 3,2,4 3 
2007-08-15 2 Flow 500,500 1 
Total 16 
Overall Winter events Remain. events 
Level one 10 0 10 
Level two 1 0 1 
Level three 5 2 3 
Total nr. events 16 2 14 
 
Grosettjern 
Date Events Avalanche type Volume Indicator level 
2001-03-31 1 Earth slide 3 3 
2001-05-01 1 Earth slide Unknown 3 
2001-05-09 1 Earth slide Unknown 1 
2001-09-18 1 Earth slide Unknown 3 
2005-03-24 1 Earth slide 3 3 
Total 5 
Overall Winter events Remain. events 
Level one 1 0 1 
Level two 0 0 0 
Level three 4 3 1 
Total nr. events 5 3 2 
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Langtjernbekk 
Date Events Avalanche type Volume Indicator level 
2001-04-24 1 Flow 62.5 2 
2002-05-01 1 Flow 300 1 
2004-05-01 1 Flow 0.25 2 
2005-05-21 1 Flow unknown 2 
2005-06-16 1 Flow 1000 1 
2006-08-28 1 Debris 0.25 1 
2007-07-03 1 Earth slide 2 1 
2007-07-03 1 Earth slide 2 1 
2007-07-03 1 Debris 300 1 
2007-07-04 1 Debris 62.5 1 
Total 10 
Overall Winter events Remain. events 
Level one 7 0 7 
Level two 3 0 3 
Level three 0 0 0 
Total nr. events 10 0 10 
 
Målset 
Date Events Avalanche type Volume Indicator level 
2001-05-23 1 Earth slide Unknown 1 
2001-10-30 1 Earth slide Unknown 1 
2002-01-18 1 Earth slide Unknown 3 
2002-02-02 1 Earth slide Unknown 2 
2002-02-02 1 Earth slide Unknown 2 
2002-02-02 1 Earth slide, debris Unknown 2 
2003-09-25 1 Earth slide 300 1 
2003-12-19 1 Flow Unknown 3 
2003-12-19 1 Flow Unknown 3 
Total 9 
Overall Winter events Remain. events 
Level one 3 0 3 
Level two 3 3 0 
Level three 3 3 0 
Total nr. events 9 6 3 
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Sogndalvatn 
Date Events Avalanche type Volume Indicator level 
2001-02-12 1 Earth slide Unknown 3 
2001-11-06 1 Flow Unknown 2 
2004-05-09 1 Earth slide Unknown 1 
2004-08-21 1 Flow Unknown 2 
2004-08-21 1 Earth slide Unknown 2 
2004-11-15 1 Earth slide Unknown 2 
2005-11-14 1 Earth slide Unknown 1 
2005-11-14 1 Earth slide Unknown 1 
2006-03-09 1 Earth slide Unknown 3 
Total 9 
Overall Winter events Remain. events 
Level one 3 0 3 
Level two 4 0 4 
Level three 2 2 0 
Total nr. events 9 2 7 
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Appendix H – figures of conditions at events 
Austbygdåi cases ...................................................................................... p. 88 
Grosettjern cases ...................................................................................... p. 89 
Langtjernbekk cases ................................................................................. p. 92 
Målset cases ............................................................................................. p. 93 
Sogndalsvatn cases ................................................................................... p. 95 
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        Figure 53. A level three case landslide event Feb 1st 2002, Austbygdåi.                    Figure 54. A level three event July 27th 2007 Austbygdåi. 
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Figure 55 left) and right). Left landslide event Mar 31st 2001, right May 1st 2001, both close to Grosettjern catchment. 
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Figure 56. Landslide May 9th 2001 Grosettjern. 
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A level 3 indicated landslide event, Grosettjern. 
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Figure 57. Landslide Langtjernbekk May 1st 2002.             Figure 58. Top) May 2nd 2004; Mid) May 21st 2005; Bottom) Jun 16th 2005 
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                  Figure 59. Two level one indicated landslides Målset.                                        Figure 60. A level one landslide event. 
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                                              Figure 61. A level three landslide event.                                    Figure 62. A level two landslide event. 
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                               Figure 63. A level three landslide event.         Figure 64. A level two landslide event. 
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Figure 65. A level one indication landslide.           Figure 66. A level two landslide event 
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                    Figure 67. A level three landslide event. 
